Abstract. Tantalum (Ta) metal has emerged as one of the leading materials of choice for diffusion barrier applications in Cu-damascene interconnects. For successful implementation, the microstructure, the electrical property and the surface roughness of the barrier layer have to be controlled. To satisfy such needs, atomic force microscopy (AFM) and X-ray diffraction (XRD) techniques have been employed to monitor the surface roughness and crystal phase of the PVD Ta thin film deposited on low-£ dielectrics. XRD results show that the population of the two different Ta crystal phases, a and p, depends on substrate material, surface pretreatment prior to thin film deposition and deposition conditions. AFM results reveal that surface roughness of the thin barrier layer is mainly determined by the starting substrate surface roughness. Also, AFM surface imaging discovered that each Ta crystal phase possesses a unique surface morphology. Therefore, the population of the Ta crystal phases can be crudely quantified by performing image analysis on the AFM images. The Ta phase population obtained from AFM images correlates very well with the XRD results.
INTRODUCTION
Due to their chemical and mechanical stability, Ta metal and its compounds have become the material of choice for diffusion barrier applications in 1C Cuinterconnects [1] , However, the desirable diffusion barrier properties of such materials depend on their crystal structure, chemical composition as well as surface roughness [1, 2] . Therefore the development of metrology techniques for characterizing such properties is critical for successful process development and quality control. Ta can exist in two different phases, a (bcc), and P (tetragonal). The a-phase is preferable because its resistivity is approximately one tenth of that of the Pphase [1] , and in addition study also had shown that the a-phase could promote the growth of the preferred (111) orientation in subsequent ECP Cu deposition [2] . When Ta is deposited on Si or SiO 2 directly using PVD process, it will form the less desirable p-phase unless additional process steps are introduced [2, 3] . On the other hand, it was recently reported that the introduction of low-& dielectrics has enabled the formation of a-phase Ta directly on the dielectrics surfaces [2] . The study reported here concerns mainly the crystal phase determination by XRD and the surface roughness measurement by AFM of the Ta barrier layer deposited by PVD on several dielectric materials.
The emphasis was on studying the relationship of substrate bias during PVD deposition, types of low-A; dielectrics and differing dielectrics surface conditioning to the surface roughness and the crystal phase of Ta barrier layer. An important discovery was that AFM surface imaging could also detect the Ta crystal phases and that the AFM determined crystal phase information correlated very well with the results of XRD phase analysis. Table 1 summarizes the experimental conditions used to prepare the Ta barrier samples. 25nm Ta thin films were deposited on three different types of low-/: dielectrics that were subjected to either no surface pretreatment or one of the two preclean processes prior to Ta deposition. Due to commercial considerations, no detail description of the three low-/: dielectrics is given here. The preclean process PT1 used pure Ar plasma while the other preclean process PT2 used Ar plasma together with a florinated gas. The substrate bias during PVD deposition is expressed in a relative scale based on the measurement of power to the substrate. Sample #13 is a 25nm thick layer of Ta on SiO 2 and samples #14 and #15 are TaN/Ta (5nm/20nm) bilayers on SiC>2. These three samples are included in the study for baseline purposes. It was pointed out in the introduction that, when Ta is deposited directly on SiO 2 , p-phase Ta forms spontaneously [2] . It has also been shown in the literature that as Ta is deposited on a TaN surface, the low-resistivity a-phase Ta is formed [1] . Since the current study is concerned mainly with the crystal phase and surface roughness of Ta on low-& dielectrics, the data obtained from Ta films on SiO 2 and TaN covered SiO 2 will serve as references to facilitate the interpretation of data from Ta films on low-A: dielectrics.
EXPERIMENTAL
The XRD crystal phase analysis was carried out using a Philips MRD XRD system. To enhance sensitivity to the thin film layer, a glancing incident geometry was adopted with the X-ray incident angle (00 angle) relative to the sample surface fixed at 0.5°. A parabolic mirror was used to collimate the incident X-ray beam into a narrow parallel beam, while on the detector side a parallel-plate collimator was used. A Veeco Instruments Dimension 7000 AFM operated in tapping mode was used for roughness measurement and surface morphology imaging. 
RESULTS AND DISCUSSION
The two Ta/TaN bilayer samples prepared with two different substrate bias conditions had very similar XRD spectra. As shown in Fig. 1 , both spectra had four distinct diffraction peaks occurring at the same 20 angles, 38°, 55°, 69° and 82°, respectively. Only very small variations in peak positions, relative peak intensities between the two spectra were observed which may have been induced by minor change in crystal orientations or textures between the two films. Since the TaN under-layer is considerably thinner than the Ta layer and it has very weak diffraction peaks according to our previous studies, all the XRD features should be contributed by the Ta layer only. For comparison, the powder diffraction spectrum of a-Ta phase obtained from JCPDS-ICDD card file 04-0788 is plotted in discrete squares in Fig. 1 . It can be seen that the spectra from both TaN/Ta bilayers match the reference a-Ta phase spectrum closely in both relative intensities and peak positions. Such close matches indicate that the Ta films on both bilayer structures are a-Ta phase with close to random grain orientations. The finding agrees with what was reported in literature that when Ta was deposited on TaN, the spontaneous formation of pure a-phase occurred [1] . Therefore we believe that Ta in the Ta/TaN bi-layer structures studied here forms pure a-Ta phase. Because the (3-Ta phase also has a strong diffraction peak (202) occurring at 38°, it may be argued that some (J-Ta phase may also be present. Nevertheless, judging by the fact that no other strong (3-Ta diffraction peaks were present, none of the TaN/Ta bilayers contained significant quantity of (i-Ta. The XRD spectrum of the single Ta layer on SiO 2 showed entirely different characteristics from those of the Ta/TaN bi-layers. See Fig. 2 . Two broad structures, each of which was composed of many sub-peaks and shoulder-like structures, were observed close to the 20 angles 38° and 65°, respectively. According to literature, when Ta film is deposited on SiO 2 , P~Ta forms spontaneously [2] , therefore, for comparison purpose the powder diffraction spectra of P-phase Ta obtained from JCPDS-ICDD card files 19-1290 and 25-1280 are plotted in discrete square and triangular dots in Fig. 2 [5] . The intensities of the reference spectra are scaled to the relative intensities tabulated in the card files. It can be seen from Fig. 2 that there are discrepancies between the two reference spectra: 1) the peaks at 58° and 82° in 19-1290 are missing in 25-1280, while the peaks at 41°, 44°, 77° and 80° in 25-1280 are not present in 19-1290 and 2) for peaks occurring in both reference spectra, the corresponding peaks do not necessarily have the same intensities. As for the spectrum of the Ta film on SiO 2 , it seems to be a combination of the two reference spectra, because its broad peak structures bear some similarity to the contours outlined by the discrete peaks in the reference spectra and also the spectrum contains all the peaks in both reference spectra, even those mentioned above that occur only in one of the reference spectrum but not in both. Such match suggests that the Ta film on SiO 2 is indeed composed mainly of the P~Ta. The reason that the spectrum has broad peak structures is that there are many diffraction peaks from p-Ta that appear within 1° to 2° of each other near the 20 angles, 38° and 65°, and the peak broadening due to thin film effect caused the crowded individual diffraction peaks merged into broad peak structures. In the case of the 25nm thick Ta film, according to the results obtained using Scherrer equation [5] , the broadening of the X-ray peaks should be at least 0.7° (in terms of 29 FWHM) for the diffraction peaks appearing at 26 angles larger than 38°. The thin film broadening effect can be seen clearly from the TaN/Ta bilayer spectra studied above, where the FWHM of even the narrowest (110) peak is 1.3°. Because the (110), (200) and (220) diffraction peaks of ct-Ta also appear at 38°, 69° and 82°, where the p-Ta has peaks too, one might argue that the cc-Ta could also be present in the single layer Ta on SiO 2 . However, because the (200) reflection of the a-Ta, which still has substantial intensity, is missing in the spectrum of the single layer Ta on SiO 2 , we may safely identify that this Ta film has only the P-phase Ta.
For later discussion purpose, we designate the XRD spectra from Ta/TaN bi-layers on SiO 2 as Type I, and that from Ta single layer on SiO 2 as Type II.
As for Ta barrier layers deposited on the low-fc dielectrics, the XRD spectra of some of them resemble the Type II spectrum, while the spectra of most others seem to be a mixture of Type I and Type II. Only the Ta film deposited with IX substrate bias on the low-£ 2 surface which did not subjected to any pre-clean treatment has a spectrum that resembles the Type I spectrum. Fig. 3 shows all four spectra obtained from Ta barrier layer deposited on low-£ 2 and illustrates the presence of all three cases described above. Because the Type I spectrum and the Type II spectrum represent a-Ta and P~Ta, respectively, it was interesting to see if the spectra that seemed to be a mixtures of these two extremes can be synthesized or curve fitted using Type I and Type II spectra as templates. The purpose of this exercise was to reveal the concentration of each Ta phases in the spectra. To perform such synthesis, one of the Type I spectra from the Ta/TaN bi-layer on SiO 2 was mixed with the Type II spectrum from the Ta single layer on SiO2. The proportion of each type is adjusted until a best visual fit was obtained. Because the two Type I spectra from the Ta/TaN bi-layers have minor difference in relative intensities, for each fitting case the one produces the best fit were chosen. The fitting results are summarized in Table 3 column 4. It will be shown later that the XRD phase synthesis results correlated very well with the AFM morphology image analysis results. Table 2 lists the AFM root-mean-square (rms) roughness results of the Ta films on all the dielectrics here. It is evident that the roughness of the finished film stack is mainly influenced by the roughness of the surfaces of the as received starting dielectric materials. (Fig. 4a) . On the contrary, the AFM image of the single layer Ta metal deposited on SiO 2 (Fig. 4b) has a smoother appearance that seems to contain mainly circular shaped grains. According to the XRD results discussed above that the Ta metal in all the Ta/TaN by-layer stacks has only the a-phase, while the single Ta metal layer on SiC>2 possesses only the p-phase, it seems that the grain morphology of the Ta films on different substrates is governed by the crystal phase of the Ta film and the crystal phase is in turn influenced by substrate surface chemistry.
On the surfaces of the Ta barrier films deposited on the low-fc dielectrics, interesting fine features were discovered by the AFM imaging. These consisted of a mixture of tiny circular shaped particles (100's A FIGURE 5. AFM image of Ta film deposited with OX bias on low-& 2 subjected to no pre-clean (PTO). A low pass filter was applied to eliminate the substrate roughness contribution for easier viewing of the fine features. diameter) and short strokes of lines resembling claw marks. See Fig. 5 . For the cases of all the dielectrics with no pre-clean treatment, the density of the claw marks is higher on Ta films deposited with 1 X bias than those deposited with no bias. Comparing cases with pre-clean with cases without pre-clean, pre-clean in general caused decrease in the density of claw marks.
One striking finding revealed by the examination of the claw mark features in the AFM images is that their population seems to be correlated with the population of ct-Ta phase in the films as determined by the XRD spectrum synthesis method. For example, AFM images of the Ta films deposited on the low-k 2 dielectric using the deposition conditions, IX bias/PTO and IX bias/PTl show approximately 100% and 0% claw marks respectively and XRD results tabulated in Table 3 also show that the former contains 100% cc-Ta, while the latter has none. In order to obtain more quantitative comparison results between the two measurement techniques, the population of the clawmark features was quantified by applying image analysis method to the AFM images. Since AFM images are very noisy, it was difficult to use an automated procedure to separate the two features. Therefore, the claw marks were manually outlined to generate binary images for feature counting. The image analysis results are listed in Table 3 Indeed, the comparison of AFM image analysis results with XRD spectra synthesis results in Table 3 reveals that the population of the claw-mark features in the AFM images of a particular sample is proportional to the population of the Type I spectrum (the XRD spectrum characteristic of the pure a-phase Ta) in the corresponding XRD spectrum of that sample. To further test the correlation of the AFM data with the XRD data, X-Y scatter plot using AFM results as the X-coordinates and XRD results as the Ycoordinates was produced in Fig. 6 . The data could be fitted with a straight line with correlation coefficient to be 0.98. Considering the difference between the AFM sampling area (1 \im square) and the XRD sampling area (a couple inches square), the correlation is very good. Such high correlation indicates that the clawmark features should be the ct-Ta phases that are responsible for the Type I XRD spectra and the features with circular grains are the P~Ta phases that generate the Type II spectra. Therefore, we are certain that the claw-mark features in the AFM images are due to the a-phase Ta formation, whereas the rest circular-grained structures are manifestations of pure p-phase. Our results also confirm what were reported in the literature that, on low-k dielectrics, higher substrate bias promoted a-phase Ta formation and, on the other hand, substrate surface modification by plasma preclean promoted P-phase growth [2] .
The reason that, on the low-k dielectrics, the ct-Ta phase assumes a claw mark structure, while the P-phase has a smooth circular grain structure can be explained by the morphology of the two different crystal structures detect on the dielectric, SiO 2 . It can be seen that the claw mark structures on the low-k dielectrics bear great resemblance to the lamella-kind structures on the oc-Ta in the Ta/TaN bilayer deposited on the SiO 2 , and that the P~Ta on the low-k dielectrics also have the similar appearance as the circular grained P-phase Ta in Ta single layer on SiO 2 . It is apparent that the substrate surface chemistry determines the crystal phase of the Ta film deposited on it for the case of SiO 2 and the same must also be true for the low-k dielectrics. What is interesting for the latter type of dielectrics is that both Ta crystal phases can coexist on the same surface, indicating local variations of surface chemistry in the microscopic scale and such variations can be manipulated by low-k types, preclean conditions and4. possibly substrate bias conditions.
CONCLUSIONS
AFM and XRD have been successfully used to study the surface characteristics and crystal phases of Ta barrier films deposited on low-A: dielectrics using Ta and Ta/TaN films of the same thickness on SiO 2 as references. We have determined, by AFM, the roughness of the Ta surface for all the conditions used and have shown that it is dominated by the initial roughness of the dielectric surfaces. When Ta film was deposited on the dielectric, SiO 2 , XRD only detected ct-Ta in Ta/TaN bi-layers and P~Ta in single layer Ta; AFM images showed the former had irregular shaped grains together with lamella-kind of structures, while the latter revealed smoother circular shaped grains. For the case of Ta on the twelve low-k dielectric samples, XRD still detected the two crystal phases oc-Ta and P~Ta and, on some of the samples, both phases were found to coexist. By spectra synthesis method using the spectra of the pure a-phase and the pure P-phase from SiO 2 , we can crudely determine their ratios present for the different conditions studied. They vary quite significantly with processing conditions. There are fine structures in the AFM images of Ta films on the low-A: substrates. These consist of a mixture of tiny circular shaped grains (<10 nm diameter) and short strokes of lines resembling claw marks. Image analyses were able to quantify the surface density of each type of morphological feature. By correlating the XRD and AFM results we show that the claw marks represent the a-phase and the circular grains the P-phase. Knowing this, the AFM technique can then be used to characterize the Ta films for roughness and microstructure at high spatial resolution.
